Two-photon resonance mass resolved excitation spectra are obtained for diethyl ether-h lO , diethyl ether-d lO , diisopropyl either, and methyl vinyl ether cooled in a supersonic jet expansion. The spectra are assigned as due to 2p3s+-(2p)2 Rydberg excitations: significant progressions in a low energy vibrational mode are observed for both diethyl and diisopropyl ethers, but not for methyl vinyl ether. The transition energies for the vibronic progressions are modeled by a double well potential function of polynomial form truncated at the quartic term. The transition intensities for the progressions are calculated based on a Franck-Condon analysis of the excited state potential surface and a harmonic ground state surface. Calculations identify the progression forming mode as the antigeared torsion of the C-O-C-C dihedral angles. Excitation of diethyl ether from its ground electronic state to its 2p3s Rydberg state leads to changes in the dihedral angles (1"1' 1"2) from ± 180 0 to ± 15r. Similar electronic excitation of diisopropyl ether yields changes in (1"111"2) from ± 157 0 in the ground state to ± 146 0 in the Rydberg state. The torsional displacement active in the 2p3s+-(2p)2 oxygen Rydberg transition is suggested to arise from the interaction between the diffuse 3s electron and the /1-methyl groups on both diethyl and diisopropyl ethers.
I. INTRODUCTION
Our understanding of molecular Rydberg states is much less complete than that of molecular valence states. Often one cannot predict whether a Rydberg state or series will be identifiable for a given system. This absence of resolvable Rydberg spectra for a molecule can be attributed to selection rules, weak transition cross sections (0: l/n3, n=principal quantum number), and mixing with valence states.
1 Rydberg states can be identified spectroscopically through: their high energy (typically greater than 50 000 em-I); through narrow linewidths even for higher Rydberg states; transition energies which fit the modified hydrogen atom formula R hv=I.P. in which J.P. is the ionization potential toward which the Rydberg series converges, n is the principal quantum number, ~ is the quantum defect, and R is the Rydberg constant; and spectral broadening as the sample density or background gas pressure increases. 1 The best understood example of the effect of a Rydberg excitation on molecular geometry is that of ammonia. 2 In the ground state of ammonia, the lone-pair 2p electrons dictate that the molecular geometry is pyramidal. When a 2p electron is promoted to the 3s excited Rydberg state of ammonia (the first excited singlet state), the molecule adopts a planar conformation. In oxo compounds, such as cyclic ethers, however, the geometry change is much less pronounced upon 3s+-n (2p) excitation. Steric interactions with the lone pair 2p electrons in ROR molecules cause these systems to remain nonlinear--excitation to the (n,3s) Rydberg state changes the COC angle only slightly, This point is well demonstrated for 1,4-dioxane and tetrahydropyran. 3 With the introduction of supersonic jet technology and multiphoton and mass resolved excitation spectroscopy, transitions involving Rydberg states have become much more accessible.
3
, 4 The approach employs isolated cold molecules or clusters, two photon resonance (n,3s) +-(2p)2 transitions, additional photons to ionize the Rydberg state, and detection of the excitation through the mass resolved ion current created at a multichannel plate detector. Thus, the higher energy Rydberg excited states can be probed by visible and near ultraviolet light with great sensitivity and mass selectivity. Moreover, two photon spectroscopy can take advantage of new selection rules and polarization techniques.
The molecular Rydberg states of ethers have received considerable attention. The first excited state of ethers is generated by promotion of a 2p lone pair electron on oxygen to a 3s Rydberg orbital. In water, the simplest molecule of this type, the 3s Rydberg state is known to mix strongly with an isoenergetic a* valence excited state, leading to dissociation in the first excited state.
series of open chain ethers. Through supersonic jet expansion cooling techniques, the spectra are obtained with high resolution and vibronic patterns can be readily analyzed. The spectra of diethyl and diisopropyl ethers reveal a significant change in molecular geometry upon excitation of these molecules to the (n,3s) excited Rydberg state.
II. PROCEDURES

A. Experiment
The technique of supersonic jet expansion mass resolved excitation spectroscopy, employed to study Rydberg states of isolated molecules and clusters, has already been described. 4 Briefly, the expansion mixture is prepared by vaporizing the sample into an evacuated mixing tank before intrOducing high pressure helium. The various mixtures made contain 0.1 % to 2.0% ether. Expansion nozzle pressure is 50 psig. This pressure gives nearly optimum cooling and high signal intensity. In order to establish that no hot bands are present in the observed spectra and that the samples are indeed cold, a 10% Ar/He mixture is also employed as the expansion gas. The only noticeable effect this mixture has on the spectra is a light (-O. 3 cm -1 ) sharpening of the features in the spectra presumably due to enhanced rotational cooling. Diethyl ether, diisopropyl ether, and methyl vinyl ether are purchased from Aldrich Chemical Co. (purity> 98%). Diethyl ether-d lO (98%) is purchased from Cambridge Isotope Laboratories.
The light source for the multiphoton (2 + 1) ionization experiment is a Nd+ 3 /YAG pumped laser/dye laser combination. The dye laser fundamental is mixed with the Nd+ 3 /yAG laser fundamental output to achieve the required wavelengths. The dye fundamental output is varied to cover the range 358-410 nm. The dye laser beam is focused on the molecular beam. with a 30 cm focal length lens.
Ions resulting from the 2+ 1 resonance enhanced ionization are mass resolved with a time-of-flight mass spectrometer. Ion current signals are detected by a microchannel plate detector and processed by a boxcar averager and a 286 computer. Extensive ion fragmentation is observed for these ethers. The reported spectra are confirmed in both fragment and parent mass channels.
B. Calculation
A double well potential energy function is used to simulate the excited state vibrational progression observed for diethyl and diisopropyl ethers. The potential function is represented by a polynomial truncated after the quadratic term as originally proposed by Samorjai and Hornig. 10 The potential can be expressed as (1) in which S is a dimensionless coordinate and is related to v 3, and V4 are dimensionless adjustable parameters. For a symmetric double well potential (as described here), V3 is zero and V2 is negative. Since application of this potential is to a torsional mode, it is expressed in units of mass (distance) 2 and x is expressed in radians.
One can solve the dimensionless Schrodinger equation with this potential by assuming that the trial solution is the sum of harmonic oscillator wave functions ifJn(S),
n=O in which N is the size of the basis set. The resulting matrix elements of the secular determinant can be evaluated analytically. The only nonvanishing matrix elements are (in
A 50 X 50 matrix is diagonalized for the calculation. The diagonalization is carried out with a standard FORTRAN routine on an IBM RISC/6000 computer. The eigenvalue solutions are fitted to the observed vibronic frequencies by a least squares method, taking }fif3, V2, and v4 as the adjustable parameters.
The resulting eigenvectors give the wave functions for the vibration. The Franck-Condon factors for the transitions can be evaluated from the square of the overlap integrals between the ground and excited state vibrational wave functions. The ground state vibrational wave functions are approximated as harmonic oscillators, with vibrational frequencies determined from infrared and Raman data, and the excited state wave functions evaluated according to Eq. (4). The vectors Cin are obtained as the eigenvectors of the matrix diagonalization. The integration is evaluated numerically.
The deuterium isotope effect on the modes may also be evaluated by this same method. The same potential function form is applied to both the protonated and deuterated molecules. Under this assumption, }fif3 is kept constant, vt=(:;r~, (11) in which JLh and JLd are the reduced mass terms for hydrogenated and deuterated molecules, respectively. By making JLhlJLd an additional parameter, either known or to be fitted, both sets of isotope data can be modeled simultaneously.
III. RESULTS
A. Diethyl ether
Two photon (2+ 1) mass resolved excitation spectra (MRES) of diethyl ether-hlQ and -dlQ are displayed in Fig.  1 . The spectra are obtained by monitoring the ion fragment mass channel with the most intense signal while varying the excitation laser wavelength. The presented spectra cover over 1500 cm-I to the blue of the electronic origin. Due to the dye laser intensity variation with wavelength and the necessity to use a number of dyes to cover this wavelength range, the relative intensities shown in the spectra may not accurately reflect the true vibronic relative intensities of the observed transitions. No attempt is made to correct spectral intensities for the dye laser intensity variation because the signal intensity does not depend linearly on laser intensity. Over the region of a given vibronic progression (-200 cm -I), however, the relative spectral intensities are quite accurate.
Based on the spectra, the origin of the diethyl ether-hlQ spectrum is at 52 675 cm -1 and the origin of the diethyl ether-dlQ spectrum is at 52926 cm-I . This transition has been assigned previously to the (n,3s) <-(2p)2 (oxygen) Rydberg transition. The low energy vibrational progression accompanying this transition is not associated with hot bands. The progression is due to a Franck-Condon active I from the origin. Diethyl ether-dlQ displays four prominent vibronic features near its 08 transition; these lie to the blue of the origin at 56, 94, 146, and 210 cm-I . This pattern remains for all diethyl ether vibronic transitions; a four member progression is built on the vibronic transitions for diethyl ether-hlQ and a five member progression is built on the vibronic transitions for diethyl ether-dlQ. The spacings, isotopic effects, and intensity patterns for these progressions all support the assignment of these features as a progression in a single low energy diethyl ether vibrational motion. Identification of the particular motion involved will be discussed in Sec. IV. Additionally, as will become clear in the ensuing Discussion section, these features (intensities and spacings) can be fit with a single parameter (the ratio of the ether-h 12 and -d 12 reduced masses for the mode). All observed and analyzed features are known to be cold bands as indicated in the last section. Three higher energy modes can be identified in the spectra for diethyl ether-hlQ (see Fig. 1 Substituting these parameters into Eq. (1), the excited state potential for this mode is expressed as (12) in which x is an angular displacement coordinate in degrees, fL is the reduced mass in amu J...?, and the numerical constants have units such that V is given in cmi . .JP,x is referred to as a mass weighted coordinate and is approximately the normal coordinate responsible for the observed progression. To evaluate Eq. (12), this coordinate is approximated as a torsional motion and its reduced mass must be specified. Details of this calculation are discussed in Sec. IV. Figure 2 shows a plot of the potential energy as a function of the mass weighted displacement coordinate based on expression (12). The energy minimum of this function is displaced 118.5 mass weighted coordinate units from the barrier and the barrier height is 117 cm -i . 
B. Diisopropyl ether
The two photon resonance enhanced MRES of diisopropyl ether, in the region of its (n,3s) origin, is displayed in Fig. 3 . The first observed transition falls at 51 440 cm -1 and is assigned as the origin of the (n,3s) <-(2p)2 Rydberg transition.
2 The decrease in transition energy for diisopropyl ether compared to diethyl ether shows the effect of a-carbon methylation on the transition energy.
Up to nine members of the low energy vibrational progression built on the origin can be identified. Note that while this progression is not particularly harmonic (1l.v=5 is found at 319 rather than 340 cmi ), it is quite regular, suggesting that the double well barrier is not surmounted by up to v=9 in the excited sate. The spacing between peaks in the progression starts at 68 cm -1 and monotonically decreases to 49 cm-I for the ninth peak (475 cm-
Other modes can be identified in the spectrum of diisopropyl ether (Fig. 3) , which also have progressions built on them. These are labeled as x and y and appear in the range 51 700--52 000 cm -1. Progressions in -65 cm -1 can be identified starting at -51 705 and ending near 52 000 cm -1. At present, these features could be assigned as either due to different vibrational modes of a single conformer or to origins of different conformers.
As for the case of diethyl ether, the first set of progressions is fit to the potential discussed above with three adjustable parameters. The calculated excited state vibrational energies are listed in Table II . The resulting parameters are ~=3.7 cm-I, V2= -11.2, and v4=0.436 ; the standard deviation of the fit is less than 2 cm-I . The potential can be expressed as Fig. 4 . Again, this is a double well potential for the excited state. The barrier for this potential is 521 cm-I and the energy minima are shifted 308 mass weighted coordinate units from the barrier center. Note that every excited state vibration is a doublet below the barrier with less than 1 cm -1 splitting (which cannot be distinguished on the scale of this plot). Modes above the barrier begin to have more significant splittings. This is consistent with the experimental observation that the peaks in this progression are single lines within the experimental resolution. Peaks which arise due to transitions to vibrational levels above the barrier can be assigned based on the calculational results. For example, the peak in the spectrum at 504 cm -I (51 945 cm -I) may be assigned as the tenth member of this progression. Without knowing its calculated value of 508 cm -1, this feature would be difficult to assign.
C. Methyl vinyl ether
The two photon resonance MRES of methyl vinyl ether is displayed in Fig. 5 . The one photon absorption spectrum of this molecule has not been reported. The first observed peak is at 55 036 cm -I, which is considerably higher than the energy observed for the other ethers studied here. It is assigned as the (n,3s) transition origin. The high transition energy for the molecule can be qualitatively considered to be due to conjugation of the 2p lone pair electron with the ethylene 11' bond. This delocalization of the lone pair would lower the energy of the 2p orbital in the ground state, but the 3s orbital would not experience this stabilization. Valence singlet states, presumably displaying broad absorption, should also exist in this region, but have not been observed. The observed vibronic structure for methyl vinyl ether is considerably simpler than that of the ethers discussed above. The first observed peak is at 336 em-I. No other significant features are observed. The observed ground state in-plane (COC) bending mode (a') is reported at 310 cm-I (Ref. 12) and is a possible candidate for the assignment of this feature.
D. Semiempirical calculations
Before considering the calculational results, we should first consider the description of the geometry of diethyl and diisopropyl ethers. The relative conformation of the two halves of these symmetrical molecules is defined by two C-O-C-C dihedral angles 'TI and 'T2. The planar heavy atom trans-trans equilibrium conformation of diethyl ether has 'TI and 'T2 equal to 180° and -180°, respectively. The diisopropyl ether equilibrium structure can be described by the same two dihedral angles, which are in this instance less than ± 180°. The relative motion of the two hydrocarbon moieties of these ethers (torsional vibrations) can be described in terms of'Tl and 'T2 as well. A geared motion involves both 'TI and 'T2 decreasing or increasing in phase and an antigeared motion involves 'TI and 'T2 simultaneously increasing and decreasing out of phase. See Fig. 6 for a pictorial representation of those torsional motions.
The set of MOP AC6 programs,13 which performs semiempirical molecular orbital calculations, is used to calculate minimum energy ground state geometries, employing the AMI Hamiltonian. The ground state geometry optimization for diethyl ether predicts that the most stable geometry is planar trans-trans (TT, 'TI,'T2= ± 180°) with C 2v symmetry (Fig. 7) . This result is consistent with all previous experimental determinations of the ground state structure.
14 The antigeared torsional motion (to be proposed in the Discussion section as responsible for the low energy progression observed for diethyl ether) is illustrated in Fig. 6 along with A similar calculation is also performed for diisopropyl ether. As shown in Fig. 9 , the H-C-O-C dihedral angle at minimum energy geometry is calculated to be 37°. The experimentally determined value for the H-C-O-C angle is 39°. 16 The C-C-O-C dihedral angles ('T!,'T2) are calculated to be ± 155° and equivalently ±85°. A potential energy profile for the antigeared torsional motion of di- isopropyl ether similar to that of diethyl ether is shown in Fig. 10 . The potential has a double minimum and a barrier height of 500 cm -1 at a C-C-O-C dihedral angle of ± 120°.
IV. DISCUSSION
In this section, we will focus on the nature of the vibrational coordinate along which both diethyl and diisopropyl ethers are displaced upon excitation from the ground state to the (n,3s) oxygen Rydberg state. Based on the foregoing discussion, we only know that the excited state potential for the progression forming mode is of a double minimum form as modeled by Eqs. (1), (12), and ( 13). The appropriate mode can be found through Franck-Condon intensity calculation and an assumed similarity between the diethyl and di-isopropyl ether behavior.
The most interesting feature of both the diethyl and diisopropyl ether spectra is the prominent vibronic progression in a single low energy mode built on all observed DllSOPROPYL ETHER 600 .... vibronic origins. This progression is similar to that found for ammonia in its first excited (n,3s) (n,3s) Rydberg state. These are the C-O-C-C torsions depicted in Fig. 6 , two CH 3 torsions (a2 and b 2 ) , and the totally symmetric C-C--O bend. All other modes have ground state energies well in excess of 400 cm -I and are not considered likely candidates for the progression forming mode observed in the spectra of the two ethers.
Based on the isotope shifts for the diethyl ether system, the methyl torsions can be eliminated as the mode responsible for the observed progressions. Additionally, one would not expect that a Rydberg transition from a nonbonding (2p)2 orbital to a nonbonding (n,3s) orbital would have a large effect on a totally symmetric bending mode. The change in bond character would have to be sufficient to account for a change in vibrational frequency of a factor of 4. We consider this latter possibility unlikely and thus only seriously consider the possible progression forming mode to be one of the C-O--C-C (geared or antigeared) torsional modes.
The observed excited state vibrational spacings for diethyl ether-h lO are 62, 56, and 86 cm-I, and for diethyl ether-d lO are 56,38,52, and 64 cm-I • The uneven spacings are indicative of a double well excited state potential for this molecule,17 as assigned in the last section. If this progression forming mode is nontotally symmetric in the ground electronic state, the equilibrium geometry of the excited state molecule has a different symmetry than the equilibrium geometry of the ground state. Note that the double well potential is not consistent with the totally symmetric O-C-C bending mode as the progression forming displacement. 18
The C-O-C-C torsional motion gives rise to two possible double well distortions-the geared (b 2 in the ground state) torsion which preserves the C 2 molecular axis and the excited state surface has C 2 symmetry, and the antigeared (a2 in the ground state) torsion which preserves the a v plane and the excited state surface has C s symmetry. As discussed by Herzberg, both possibilities result in symmetry allowed vibronic transitions. 18 Thus the excited state potential curve of Fig. 2 can be applied to either torsional mode.
The relative transition intensities for this progression can be calculated based on a ground state torsional mode energy of 132 cm -1 and the assumption that the mode is harmonic. The calculated relative. intensities for the low energy progression of diethyl ether-h lO and -d lO are obtained as described in Sec. II B and are presented in Fig.  11 . The relationship between the ground and excited state potential surfaces is shown in Fig. 2 low frequency mode, but still cannot by itself distinguish between the geared and antigeared motion represented in Fig. 6 . The diisopropyl ethyl spectrum can be used to distinguish between the two possible choices for diethyl ether torsional vibrational motion if the two cases are assumed to be comparable and the same torsional mode is assumed responsible for the displacement. The observed progression in the diisopropyl ether spectrum is even more extensive than that characterized for diethyl ether. The analogous torsional motion of the ground electronic state of diisopropyl ether is determined to be 90 cm-I • IS The equilibrium C 2 ground state geometry for diisopropyl ether is depicted in Fig. 9 . The geometries of the two ethers are similar except that the ground state equilibrium C-C-O-C dihedral angles (71,1'2) are ± 85° or ± 155° for diisopropyl ether I6 and ± 180° for the diethyl ether. MOPAC6 calculations give the two minima at ± 155° and ± 85° with the maximum in the potential at ± 120°. The barrier between the two minima at ± 155° and ±85° is 500 cm-I at ± 120°. Both geared and antigeared torsional motions (involving 71 and 72) exist for diisopropyl ether. The geared, nontotally symmetric (b) motion in the ground state gives rise to a single minimum potential curve centered at the equilibrium conformation of the ground state. The antigeared totally symmetric (a) motion in the ground state must give rise to a double well potential curve with the two minima at the equilibrium geometry of the ground state (71)72= ± 155° or ±85°). The experimental progression in the low energy mode requires a double minimum well in the excited state based on the observed excited state vibrational energies. We can employ the two model potential curves based on the two possible torsional motions to calculate the relative intensities of the members of this progression. These intensities cannot be reproduced using the geared torsional motion with a single well ground state potential and the observed excited and ground state energies. The antigeared torsional motion, on the other hand, gives an excellent fit to both the progression energies and intensities (Table II and Fig. 12 ). The calculations are performed under the assumption that the antigeared ground state torsion is harmonic (90 em -1 ). The fit is generated with the position of the ground state well relative to the barrier of excited state potential as the only parameter, .Jjix m in=405 amu A2 for the ground state. Since the barrier is so large for the ground state, the transitions can be considered to originate at the zero point energy of a single displaced well. A comparison between the two electronic state wells is given in Fig. 10 . The wells differ in shape, barrier height, and position of the minima. The shift in the position of the minima is mainly responsible for the observed progression.
This model predicts correctly that the excited state barrier for di-isopropyl ether is much larger than that for diethyl ether. The large barrier for diisopropyl ether is caused by steric interactions present in this molecule in the ground state and is not directly related to the Rydberg state. In the (n,3s) Rydberg state, the double minimum will become narrower and the structure becomes less ideally TT (dihedral angle of 180°). This is depicted in Figs. 9 and 10.
We conclude based on these results that the active progression forming mode for diisopropyl ether is the antigeared totally symmetric C-O-C-C torsion. Given this conclusion, we suggest that the same torsional motion (see Fig. 6 ) is responsible for the progression in diethyl ether.
Simulation of the experimental results with a potential of an assumed functionality yields a curve in mass weighted coordinates. In order to make a direct comparison to a calculated potential function based on a particular normal coordinate, one must know the reduced mass of the chosen normal mode. In the ensuing discussion, we assume that the reduced mass of the ground and excited state normal modes is the same. One can estimate the reduced mass of the normal mode of interest in two ways.
First, assume that the ground state potential for diethyl ether along the antigeared torsional coordinate, as determined by the MOP AC6 calculation, is harmonic near the energy minimum. Then
The harmonic energy of this mode is taken to be the experimentally determined value of 132 cm -1.11 A least squares fit can be carried out with the reduced mass f.L as the only variable. The resulting reduced mass is 8 amu ).? for diethyl ether. Second, assume the antigeared torsion is not coupled to any other motion and is responsible for the progression. The calculated reciprocal mass matrix G should then yield the reduced mass of this mode. Following the method described by Decius,19 the calculated reduced mass is 25 amu ).2 for the pure antigeared torsional mode for diethyl ether.
The reduced mass value resulting from fitting the calculated potential to a harmonic oscillator probably represents a lower bound to the actual coordinate reduced mass because the MOPAC6 normal mode analysis energy for this mode is 34 cm -1 rather than the assigned 132 cm -1 Y Additionally, the calculated TT and GG conformer energy separation is a factor of 2 too small. Making the calculated surface steeper to match the experimental results will increase the reduced mass by a factor of 2 to 3.
If we somewhat arbitrarily take the reduced mass for this mode to be 25 amu A 2 based on the G matrix element calculation and employ the relation r::
02
Vf.Lxmin= 118.5 amu A based on Eq. (12) and the discussion following it in Sec. III, a displacement angle for diethyl ether of 23° results. The excited state is distorted from planarity and the C-O-C-C dihedral angle is 157°. If the mode reduced mass is increased or decreased by a factor of 2 (12-50 amu A 2 ), the dihedral angle ranges from 164° to 147°, but the physical picture of the motion and distortion remains the same.
A similar treatment can be applied to the diisopropyl ether system for which the reduced mass of the torsional mode is also unknown. A calculation of the G matrix element for this mode, as performed above, yields the same value as obtained for the comparable mode of diethyl ether (25 amu ;\.2). Additionally, one can use the existing experimental data to determine a value for the excited state displacement.
Assuming that the diisopropyl ether ground state well is harmonic near the minimum, we obtain for this well a value of .Jjix m in=405 amu A2 from a calculation of the intensity of the progression in the torsional mode. The MOP AC6 ground state geometry and the electron diffraction results 16 yield the potential minimum displacement from the barrier position (120°) as x=35°. The reduced mass values for the ground state torsion then becomes 134 amu A2. Based on this reduced mass, the excited state minimum is calculated to be displaced from the barrier by 26°. The dihedral angle of the minimum energy configuration in the excited state is 146° for diisopropyl ether (Fig. 9) . The ground state dihedral angle for diisopropyl ether is 155°. This ~ 10° shift gives rise to the extensive progression observed in the spectrum. These exact values of course also depend on the assumption that the reduced mass for the antigeared torsional mode is the same in both ground and excited states.
No progressions are observed for methyl vinyl ether. The ground state of this molecule has two accessible geometries-one has the methyl group syn with respect to the vinyl group and the other has the methyl group anti with respect to the vinyl group. The syn geometry is reported to be more stable. 12 The torsional motion about the O-CH bond of the vinyl moiety must be hindered by the delocalization of the 2p oxygen electrons over the 1T system. Nevertheless, the methyl group could still undergo rotation (perhaps hindered) about the O-CH3 bond. The absence of progressions in the methyl vinyl ether spectrum implies that the 3s ±:+ 2p Rydberg excitation does not influence the potential for rotation at the a carbon. The prominent progressions found for the other two ethers must reflect the change in potential at the {3-carbon position. The change in potential must occur through nonbonded interactions. This suggests that the 3s and 2p electrons have significantly different distributions in the molecule.
V. CONCLUSIONS
We have obtained two photon resonance enhanced MRES of supersonic expansion cooled diethyl ether-h lO , and -d lO , diisopropyl ether, and methyl vinyl ether. This technique achieves high resolution spectra of the 2p3s<-(2p)2 oxygen Rydberg transition in these molecules. The spectra show significant progressions in a low energy vibrational mode in both diethyl and diisopropyl ethers, but not in methyl vinyl ether. The progression forming mode can be assigned as the antigeared torsional mode associated with a C-O-C-C dihedral angle displacement upon electronic excitation. A double well potential function is employed to model the excited state progressions with only three adjustable parameters. The transition intensities for the progressions in diethyl and diisopropyl ethers are calculated based on MOP AC6 and experimental studies of the ground state surfaces. Intensity calculations for the diisopropyl ether Rydberg state progression correctly identify the progression forming mode as the antigeared torsion of the C-O-C-C dihedral angle. The progression forming mode in diethyl ether is assigned to be the same one.
The torsional displacement active in the 2p3s+-C2p)2 oxygen Rydberg transition is suggested to arise from the interaction between the 3s electron and the /3-methyl groups on both diethyl and diisopropyl ethers. This nonbonded interaction probably reflects the diffuse nature of the 3s molecular Rydberg orbital.
